We have developed a vocal-tract mapping interface to produce vowel sounds. The interface provides an easy and effective setting of the vocal tract shape with a simple mouse click on its interface window. A vocal tract shape at the mouse position on the interface window is calculated by interpolation based on the prepared vocal tract shapes. In this paper, the features and advantages of the interface are shown through examples of the generated formant frequencies. In addition, the inverse estimation of the vocal tract shape from formant frequencies is studied as one of its applications. In this inverse method, the possible region having the solution on the interface window is determined based on the changes in the formant frequencies in the first-stage search. A coarse-to-fine algorithm is used to determine the pixel-point on the window as the solution in the second-stage search. The usefulness of the proposed method is shown through simulation results.
INTRODUCTION
The purpose of this paper is to show the potentials of a vocal-tract mapping interface developed for producing vowel sounds. The interface provides an easy and effective setting of the vocal tract shape with a simple mouse click on its interface window [1] . A vocal tract shape corresponding to the mouse-pointer position on the interface window is calculated by interpolation based on the prepared vocal tract shapes. Utilizing a one-click operation to generate the vocal tract shape, the mapping interface can be used as a signal converter [2] . In spite of its simple interpolation method, the interface can be a potential tool for producing useful applications. In this paper, the features and advantages of the interface are shown through examples of the generated formant frequencies. In addition, inverse estimation of the vocal tract shape from formant frequencies is studied as one of its applications.
MAPPING INTERFACE
This section describes the overview of the mapping interface to configure the vocal tract shape. As shown in Figure 1 , the interface has a pentagonal chart and five vocal tract shapes are located at the vertices of the chart by considering the order of the five Japanese vowels in the F1-F2 formant space. In the interface, the vocal tract area functions obtained from an averaging method [3] were used as typical area functions for the five vowels. The purpose of the interface is to generate various vocal tract shapes by interpolating the vocal tract shapes located at the vertices and the center of the polygonal chart. The vocal tract shape corresponding to the center of the polygonal chart is obtained by averaging vocal tract parameters over the five vocal tracts at the vertices. A linear interpolation equation is used to calculate the values of the parameters regarding the vocal tract shape depending on the indicated point on the chart [1] . Due to the interpolation function, the developed interface allows the user to set a vocal tract shape corresponding to an arbitrary point on the pentagonal chart with a simple mouse click. The interface, therefore, can make use of the continuity of the change in the vocal tract shape for producing smooth continuous vowel sounds. After determining the vocal tract shape, the mapping interface system sends related articulatory parameters to the speech synthesis module. The speech synthesis module in our system is based on the speech production model by Sondhi and Schroeter [4] . 
PRODUCED FORMANT FREQUENCIES
In this section, the features of the interface system are shown through examples. Figure 2 shows snapshots of the display window of the vocal-tract mapping interface. Two cases of different position of the mouse pointer are shown as examples. In the interface window, the pentagonal chart for mouse pointing is located in the upper right part. The vocal tract shape corresponding to the indicated point on the chart is displayed in the lower part as shown in each figure. Numerical data regarding the vocal tract shape: cross-sectional areas and the vocal-tract length are shown in the left side of the window. Figure 3 shows the distribution of the first and second formant frequencies for various vocal tract shapes produced with the interface. In this case, vocal tract shapes corresponding to mesh points within the pentagonal chart on the display window by ten pixels are calculated by the interpolation method [1] . As can be seen, the produced formant frequencies configure typical F1-F2 distribution and suggest that the system is able to produce various F1-F2 pairs by changing the position of the mouse pointer on the chart. Although there is a limitation of the covered area in F1-F2 space for a specific set of the vocal tract area functions to be located at the vertices of the pentagonal chart, use of another set can shift and expand the distribution in F1-F2 space depending on the vocal tract length and area functions. Although formant frequencies of the vocal tract shapes corresponding to the inside of the pentagonal chart are shown in Figure 3 , it is possible to expand the calculation area to the outside of the pentagonal chart. Figure 4 shows an example of F1-F2 pairs produced with the interface when the mouse pointer was continuously moved in order of the vertices of /i/, /e/, /a/, /o/, and /u/. The trajectory of the F1-F2 pairs is shown in blue line in each figure. Observed real F1-F2 pairs obtained from two speakers are also shown in red dots. Because the vocal tract area functions set in the interface are different from those of the speakers, the differences in the trajectory of F1-F2 pairs can be seen. However, the trend of the change in formant frequencies produced with the interface is similar to those of real ones. This result suggests the possibility of producing very similar formant frequencies by controlling the position of the mouse pointer on the pentagonal chart. 
INVERSE MAPPING
In the previous section, we focused on the vowel synthesis based on the mapping interface. An inverse estimation of the vocal tract shapes from vowel sounds is one of interesting topics regarding speech production. If the interface has a potential for the inverse mapping from vowel sounds, an estimated vocal tract shape is plotted as a point on the interface window. Although the estimated vocal tract shape itself is interesting in terms of an inverse estimation technique, the trajectory pattern of the estimated points on the interface window may provide us with a deep insight into change in the vocal tract shape during continuous speech. Therefore, in this section, an inverse mapping method is proposed and studied by simulation. Method for Inverse Mapping Figure 5 shows the flow of the inverse mapping. Formant frequencies of the vocal tract corresponding to each pixel-point on the pentagonal chart are calculated and stored in a data file in advance. In the inverse mapping mode newly added to the interface, a set of formant frequencies inputted as a target is searched from among the prepared data sets of the formant frequencies. Eq. (1) is an error function used for evaluating the difference in formant frequencies. In the equation, w i is the weight function for the i-th formant frequency and its value is the reciprocal of 5% of the i-th formant frequency produced from the vocal tract shape corresponding to the origin of the pentagonal chart. The criterion of 5% is determined by considering the literature [5] . F i is the i-th formant frequency of the vocal tract corresponding to the current pixel-point on the chart to be evaluated. F Ti is the i-th formant frequency inputted as the target.
In order to find a pixel-point on the chart that gives a minimum value of Eq. (1), a search method consisting of two stages is used. Figure 6 shows the overview of the first-stage search as an example. In this stage, a possible region that includes the solution in the F1-F2 space is determined by considering the first and second formant frequencies. As shown in the figure, vectors from the origin of the pentagonal chart are used and the region having the three vectors in red is determined as the possible region. Among these three vectors, the central vector gives a minimum angle to the vector that is defined from the formant frequencies inputted as the target and the formant frequencies corresponding to the origin of the pentagonal chart. In this example, this possible region in the F1-F2 space corresponds to the region consisting of two sub-regions in yellow and gray of the pentagonal chart in the left part of Figure 7 . The second-stage search is carried out in this region in the pentagonal chart. A coarse-to-fine algorithm is used for this search. Through a hierarchical search consisting of 10, 5, and 1 pixel resolution, the final solution is determined based on Eq. (1). The corresponding vocal tract shape is known via this solution point. 
Simulation for Inverse Mapping
In order to investigate the effectiveness of the inverse mapping method mentioned above, simulation was carried out. Figure 8 shows some results for the simulation. In Figure 8 (a), formant frequencies of the vocal tract when the trajectory on the chart is set from vowel /o/ to /e/ were treated as inputted data. The estimated points by the method are indicated in red and white gradient; red corresponds to the beginning of the trajectory and white to the end. As can be seen, a straight trajectory shows that the estimation based on the proposed method works successfully. In another example in Figure 8 (b) , successful estimation can be seen for a route from /i/ to /o/. Figure 9 shows an example for a route from /a/ to /i/. In this example, we can see fluctuation of solutions around the vertex for /i/. The cause of this phenomenon might be the sensitivity of the change in the vocal tract shape to produced formant frequencies, considering the F1-F2 distribution in Figure 3 . Because the sensitivity is low around the vertex for /i/, the estimated point, or the vocal tract shape is inversely sensitive to the inputted formant frequency set. 
CONCLUSION
In this paper, the features and advantages of the vocal-tract mapping interface are shown through examples of the generated formant frequencies. As shown here, the interface can produce continuous vowel sounds whose formant frequencies are similar to real ones. Furthermore, simulation results suggest that the interface has a potential for inverse mapping from formant frequencies to the point on the interface window. In this inverse method, the possible region having the solution on the interface window is determined based on the changes in the formant frequencies in the first-stage search. A coarse-to-fine algorithm is used to determine the pixel-point on the window as the solution in the second-stage search. The simulation results showed that this method was able to successfully estimate the solution point, or the vocal tract shape. Further study including normalization of the vocal tract length is necessary to apply this method to real vowel sounds.
